Infertility in lactating dairy cows is explained partially by the metabolic state associated with high milk production. The hypothesis was that lactating and nonlactating cows would differ in endometrial and placental transcriptomes during early pregnancy (day 28 to 42) and this difference would explain the predisposition for lactating cows to have embryonic loss at that time. Cows were either milked or not milked after calving. Reproductive [endometrium (caruncular and intercaruncular) and placenta] and liver tissues were collected on day 28, 35, and 42 of pregnancy. The hypothesis was rejected because no effect of lactation on mRNA abundance within reproductive tissues was found. Large differences within liver demonstrated the utility of the model to test an effect of lactation on tissue gene expression. Major changes in gene expression in reproductive tissues across time were found. Greater activation of the transcriptome for the recruitment and activation of macrophages was found in the endometrium and placenta. Changes in glucose metabolism between day 28 and 42 included greater mRNA abundance of rate-limiting genes for gluconeogenesis in intercaruncular endometrium and evidence for the establishment of aerobic glycolysis (Warburg effect) in the placenta. Temporal changes were predicted to be controlled by CSF1, PDGFB, TGFB1, and JUN. Production of nitric oxide and reactive oxygen species by macrophages was identified as a mechanism to promote angiogenesis in the endometrium. Reported differences in pregnancy development for lactating vs. nonlactating cows could be explained by systemic glucose availability to the conceptus and appeared to be independent of the endometrial and placental transcriptomes.
Introduction
Mechanisms leading to poor fertility in lactating dairy cows are intensely studied because of the global decline in dairy cow fertility since the 1950's. Although fertility decline reached a nadir recently and fertility now appears to be trending upward [1] , reproductive efficiency of lactating cows is still problematic. In confinement systems, for example, hormonal interventions are widely used to establish pregnancies efficiently. In seasonal dairy systems that do not use hormonal intervention, 10 to 20% of cows are not pregnant at the end of the breeding season. Approximately 85% of oocytes are successfully fertilized after insemination and presumably a viable zygote is present. Less than half of these zygotes, however, develop to term because of high rates of embryonic loss in dairy cows. At least two periods of pregnancy loss have been described based on the availability of pregnancy diagnosis data [2] . The first period of pregnancy loss equates to 20 to 40% during the first 28 days of gestation. This first period of pregnancy loss involves the cleavage stage and filamentous embryos. Although studying embryonic loss during this period is difficult, some mechanisms of pregnancy loss have been elucidated [2, 3] . The second period of pregnancy loss from days 28 to 60 of gestation accounts for less loss (approximately 5 to 25%) and is easier to study because embryonic death can be measured by ultrasound [2] . The second period coincides with the establishment and growth of the placenta and the completion of conceptus attachment to the uterus. Although the overall percentages are less, the second period of pregnancy loss is viewed with greater concern because it occurs later during gestation (greater time committed to the pregnancy) and cows are initially diagnosed pregnant on farm but later found to be not pregnant after a second ultrasound exam [4, 5] . Regardless of when they occur, pregnancy losses reduce farm productivity and profitability and threaten food security.
A defining characteristic of the early postpartum dairy cow is her capacity to undergo nutrient partitioning to support the production of milk [6] . High milk production and metabolic imbalance associated with nutrient partitioning have been implicated as factors responsible for suboptimal reproductive performance [7, 8] . Suboptimal reproductive performance is in part explained by embryonic loss during both periods. We hypothesized that lactation would negatively affect the rate of fetal development during the second period of embryonic loss through mechanisms involving differential gene expression. To examine this hypothesis, we designed an experiment in which postpartum cows were assigned to one of two treatments immediately after parturition [lactating or nonlactating (dried off immediately after calving)] and had their pregnancies collected on day 28, 35, or 42 of gestation. The effects of lactation on the metabolic profiles of the cattle and the pregnancy itself were reported previously [9] . Lactating cows had inferior metabolic status [9, 10] , later resumption of ovarian cyclicity [10] , lesser placental fluid glucose and fructose concentrations [11] and lesser fetal and placenta weights [9] from day 28 to 42 of gestation. The slower fetal and placental development may predispose lactating cows to pregnancy loss if developmental milestones are not reached. Others followed this initial work with additional postpartum dairy cows that were either lactating or nonlactating and have found similar rates of uterine involution [12] but a suboptimal immune-and development-related endometrial expression profile on day 17 of pregnancy [13] . In the current study, we examined the transcriptome of the endometrium and placenta in samples collected on day 28, 35 , and 42 of gestation from the same cows used in the Green et al. (2012) study [9] . We hypothesized that the differences in lactation status (i.e., lactating vs. nonlactating) would affect the transcriptome of the endometrium and placenta and may explain their previously reported differences in pregnancy development [9] .
Materials and methods

Animal model
The animal model used in the present study has previously been described [9] . The project was approved by the University of MissouriColumbia Animal Care and Use Committee. Cows were housed at the University of Missouri-Columbia Foremost Dairy Farm. Pregnant Bos taurus Holstein heifers (n = 43) were assigned to one to two treatment groups based on calving date (alternating between treatments): lactating (n = 23) and not lactating (n = 20). There were two groups of cows. The first group (n = 21) calved from March to July, and the second group (n = 22) calved from September to December.
Animal management
After calving, the lactating cows were milked twice daily and the nonlactating cows were not milked (i.e., dried off immediately, never milked). Both groups of cows were housed together in a two-row freestall barn. The freestalls were sand-bedded, and there was a solid concrete floor. A diet consisting of corn silage, alfalfa haylage, grass hay, concentrates, and minerals was provided with equal access via bunk feeding for both groups of cows.
Ovarian morphology [corpora lutea and follicles ≥5 mm] was recorded weekly using transrectal ultrasonography (Aloka 500-SSD equipped with 7.5 MHz transducer, Aloka, Tokyo, Japan). Both lactating and nonlactating cows were enrolled in an ovulation synchronization protocol (Presynch-Ovsynch) so that the first artificial insemination occurred from 56 to 62 days postpartum. For the Presynch component, each cow was administered an i.m. injection of PGF 2α containing 25 mg dinoprost tromethamine (Lutalyse; Zoetis, New York, NY, USA) on days −36 and -22 relative to artificial insemination. The Ovsynch component began on day -10 relative to artificial insemination. Each cow was administered an i.m. injection of GnRH containing 100 mg of gonadorelin hydrochloride (Factrel; Zoetis). On day -3, each cow was administered an i.m. injection of PGF 2α containing 25 mg dinoprost tromethamine. Fifty-six hours later, each cow was administered an i.m. injection of GnRH (100 mg of gonadorelin hydrochloride). Sixteen hours later, each cow was submitted for artificial insemination. Three lactating cows and two nonlactating cows without a corpus luteum at the time of administration of the first GnRH injection (day -10 relative to artificial insemination) were administered, one controlled internal drug release (CIDR; Zoetis) containing 1.38 g of progesterone per vaginum for 7 days. Each device was removed at the time of PGF 2α injection (day -3 relative to artificial insemination). Each cow was inseminated from a single ejaculate of a high fertility sire (Regancrest-RB Miles, 7HO7037; Select Sires, Plain City, OH, USA). Cows that did not conceive at first insemination were inseminated 12 h after an observed return to estrus using semen from the same sire and ejaculate as used for the first artificial insemination. Cows not pregnant to the first artificial insemination and not observed in estrus were resynchronized for timed artificial insemination using the Ovsynch protocol just described. Pregnancy was diagnosed using transrectal ultrasonography and by using an enzyme-linked immunosorbent assay for pregnancy-associated glycoproteins [14] .
Tissue collection
Pregnant cows were slaughtered at either day 28 (n: lactating = 7, nonlactating = 7; 105 ± 28 days postpartum), day 35 (n: lactating = 8, nonlactating = 6; 108 ± 29 days postpartum), or day 42 (n: lactating = 8, nonlactating = 7; 114 ± 13 days postpartum) within 2 h after the morning milking. Cows were stunned by using a pneumatic captive bolt and then killed by exsanguination. The reproductive tracts and a liver sample were collected, placed on crushed ice and taken to the laboratory within 30 min of slaughter. The pregnancy (placental membranes encasing placental fluids and fetuses) was removed from the uterus. The placental fluids (mixture of both amniotic and allantoic fluids) were collected and a sample frozen at -80
• C.
Samples of caruncular endometrium, intercaruncular endometrium, and all of the placental membranes were frozen in liquid nitrogen so that they could be used for RNA analysis. For endometrial tissue collection (caruncular and intercaruncular endometrium), five to ten representative 1 cm × 1 cm samples interspaced along the pregnant horn were collected from each region, frozen in liquid nitrogen, and stored at -80 • C. The five to ten individual tissue samples within each tissue type from each cow were later combined and ground together under liquid nitrogen with a mortar and pestle. Total cellular RNA was isolated by using the TRIzol reagent (Invitrogen; Carlsbad, CA). Caruncular endometrium and intercaruncular endometrium samples were further purified by using the QIAmp Mini Spin Column (Qiagen, Valencia, CA). The integrity of RNA was determined by visual inspection of 28S and 18S RNA bands after agarose gel electrophoresis and by calculating the ratio of absorbance at 260 and 280 nm. The RNA that was used had intact 28S and 18S RNA bands, and the 260:280 nm ratio was greater than 1.8. The RNA was diluted in water and stored at -80 • C. The DNA core facility at the University of Missouri subsequently performed their own independent quality control of the RNA samples using an Agilent Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA) prior to its use in the microarray assay.
Microarray hybridization and analysis
The DNA core facility at the University of Missouri performed the microarray assay. Total RNA (0.5 μg) was used to make the biotinlabeled antisense RNA (aRNA) target using the MessageAmp Premier RNA amplification kit (Ambion, Austin, TX) by following the manufacturer's procedures. Briefly, the total RNA was reverse transcribed to first-strand cDNA with an oligo(dT) primer bearing a 5'-T7 promoter using ArrayScript reverse transcriptase (Ambion). The first-strand cDNA then underwent second-strand synthesis to convert into double-stranded cDNA template for in vitro transcription. The biotin-labeled aRNA was synthesized using T7 RNA transcriptase with biotin-NTP mix. After purification, the aRNA was fragmented in fragmentation buffer at 94 
Differential analysis of gene expression
Two cows were excluded from the analysis. One lactating cow slaughtered on day 28 had no pregnancy present and one nonlactating cow slaughtered on day 42 had a nonviable pregnancy assessed by the poor vascular development and detachment of the placenta from the uterine wall. Differential expression analysis of the liver, intercaruncular endometrium, caruncular endometrium, and placenta tissue microarray data was performed separately using the Bioconductor software package limma [15] with the R statistical programming language (version 3.2.2) [16] . The Gene Chip Robust Multi-array package was used to convert background adjusted probe intensities of each CEL file to an expression measure [17] . Array quality metrics were assessed using the arrayQualityMetrics package [18] . Principal component analysis is illustrated in Supplementary Figure S1 . The data were filtered to remove control probesets (n = 112). For the differential expression analysis within tissue, a linear model was fitted to the expression data for each probe with lactation status (lactating, nonlactating), group (one, two), day of gestation (28, 35, 42) , and their interactions included as fixed effects. For the differential expression analysis between caruncular and intercaruncular tissue, the linear model included tissue (caruncular endometrium, intercaruncular endometrium), day of gestation (28, 35, 42) , and their interaction as fixed effects and cow as a random effect. For each analysis, the limma package applies empirical Bayes methods to compute moderated t-tests. Transcripts were deemed differentially expressed at P ≤ 0.01 after adjustment for multiple testing using the Benjamini and Hochberg (BH) method [19] .
Real-time RT-PCR validation of microarray data
Total RNA was transcribed into cDNA by using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative reverse transcription polymerase chain reaction (RT-PCR) was used to assay the amount of cDNA (i.e., mRNA) in each sample. The reaction was performed in an ABI Prism 7700 machine (Applied Biosystems) using the QuantiTect SYBR Green PCR Kit (Qiagen) and primers that were specific for RNA transcripts (Supplementary Table S1 ). The PCR products produced from the RT-PCR were DNA sequenced to verify amplification of the target sequence. Within each plate there were high, medium, and low control samples (sequential 1:4 dilutions) of pooled cDNA that were run in triplicate. Each 96-well PCR plate contained a "no template control" (water substituted for cDNA in the reaction) to ensure that there was no amplification in samples without cDNA. Data from the serial dilutions of the control sample were used to calculate the amplification efficiencies for the RT-PCR (Supplementary Table S1) by using previously described procedures [20] . Fold change differences for the respective samples were calculated relative to an internal control standard within each plate according to previously described procedures [20] . Gene expression was initially assayed by using a single RT-PCR plate that included all of the cDNA samples in duplicate from a single tissue (liver, placenta, etc.). Data from individual tissues were analyzed by using the General Linear Models procedure (PROC GLM) of SAS (SAS Inst. Cary, North Carolina USA) and tested for the effects of lactation status, group, day of gestation, group by lactation status, and group by day of gestation.
Results are reported as least square means ± SEM.
Ingenuity Pathway Analysis and DAVID gene ontology analysis
Each dataset of differentially expressed probe sets was submitted separately in Ingenuity Pathway Analysis (IPA; Qiagen, Redwood City, CA, www.qiagen.com/ingenuity). From each dataset, a new dataset was generated with probes mapped only to a single gene retained. Each new dataset was submitted for Core analysis with the Affymetrix GeneChip Bovine Genome Array as the reference set to identify enriched canonical pathways (well-characterized metabolic and cell signaling pathways; deemed enriched at P ≤ 0.05 and z-score [ZS] ≥ |2|), biological functions, and predicted regulators of biological functions (both deemed significant at an overlap P ≤ 0.01 and ZS ≥ |2|). A ZS is a prediction of activation (>0) or inhibition (<0).
Where applicable, possible relationships between regulators and biological functions were generated from prior biological knowledge using regulatory effects analysis. Regulator effect networks generate hypotheses connecting upstream regulators, dataset molecules, and biological functions. Hypotheses are generated for how a biological function is regulated in the dataset by activated or inhibited upstream regulators. The default setting was used which limited upstream regulators to genes, RNA, and proteins but did not limit the size of the network. Regulator effects networks with a positive consistency score (a measure of how causally consistent and densely connected a regulator effects network is) were deemed relevant. Gene ontology (GO) analysis of the differentially expressed genes in the liver, intercaruncular endometrium, caruncular endometrium, and placenta was performed using the Database for Annotation, Visualization and Integrated Discovery (DAVID) [21, 22] for functional annotation. GO terms with BH-corrected P-values ≤ 0.05 were deemed significant.
Results
Summary of differential expression analysis in endometrium, placenta, and liver
The significant effects (BH corrected P ≤ 0.01) of lactation status and day of gestation on the transcriptome of the endometrium, placenta, and liver are reported in Table 1 . Differential expression analysis did not detect any differentially expressed genes in the endometrium or placenta for lactating vs. nonlactating cows sampled on day 28, 35, and 42 of gestation. Significant effects of lactation on mRNA abundance were detected in the liver with 715 differentially expressed genes between lactating and nonlactating cows (Supplementary Table S2 ). Day of gestation had a significant effect on mRNA abundance in the endometrium and placenta with 933, 83, and 4516 differentially expressed genes in intercaruncular endometrium (Supplementary Tables S3-S5) ; 45, 0, 855 differentially expressed genes in caruncular endometrium (Supplementary Tables  S6-S7) ; and 395, 13, and 2396 differentially expressed genes in placenta (Supplementary Tables S8-S10 ) on day 28 vs. 35, day 35 vs. 42, and day 28 vs. 42, respectively. Significant differences in mRNA abundance between caruncular and intercaruncular endometrium were detected with 5232 differentially expressed genes (Supplementary Table S11 ). No significant interactions between lactation status and day of gestation on mRNA abundance were detected.
Comparison of endometrium tissues revealed that 727 of the 855 differentially expressed genes (85%) in the caruncular endometrium between day 28 and 42 of gestation were also differentially expressed in the intercaruncular endometrium. Linear regression of the expression profiles between the two tissues was high with an r 2 = 0.84 and a slope = 1.06 ( Figure 1) . Validation of select genes of interest from the analysis of the endometrium, placenta, and liver microarray data was performed by comparison with real-time RT-PCR testing (Supplementary Tables S12-S13). Twelve of the 16 endometrium and placenta genes, and 12 of the 14 liver genes were concordant at a minimum P < 0.1. Of the genes that were not validated by the realtime RT-PCR testing, their direction of expression (upregulation vs. downregulation) was in agreement (ATF3, DEF5B, IGFBP2, and PRLR in the caruncular endometrium and CYP2C87 in the liver), except for PRKAR1A.
Differences in the liver transcriptome between lactating and nonlactating cows
Of the 715 transcripts differentially expressed (BH P ≤ 0.01) in the liver between lactating and nonlactating cows (Supplementary  Table S2 ), a dataset of 517 genes (221 upregulated and 296 downregulated in lactating cows) were retained for IPA. Canonical pathways in liver tissue were not significantly affected by lactation status. Downstream effects analysis (Supplementary Table S14 ) predicted increased conversion of acyl-coenzyme A (P < 0.0005, ZS = 2); increased metabolism of nucleic acid component or derivative (P < 0.004, ZS = 2.25); increased steroid metabolism (P < 0.0000024, ZS = 2.69); increased synthesis of cholesterol (P < 0.0000013, ZS = 2.17), lipid (P < 0.0000001, ZS = 2.01), steroid (P < 0.002, ZS = 2.41), and sterol (P < 0.000004, ZS = 2.16); and decreased adhesion of blood platelets (P < 0.0007, ZS = -2.59), and decreased apoptosis of endothelial cell lines (P < 0.008: ZS = -2.21) in lactating cows compared with nonlactating cows. Regulator effects analysis identified one network ( Figure 2) "cholesterol biosynthetic process" (BH P < 1.3 × 10 −10 ), "isoprenoid biosynthetic process" (BH P < 1.9 × 10 −4 ), "sterol biosynthetic process" (BH P < 0.05) and "oxidation-reduction process" (BH P < 0.0008) in lactating cows compared with nonlactating cows.
Changes in the intercaruncular endometrium transcriptome from day 28 to 42 of gestation
Of the 4516 differentially expressed transcripts (BH P ≤ 0.01) in intercaruncular endometrium from day 28 and 42 of gestation (Supplementary Table S3 ), a dataset of 3022 genes (1288 upregulated and 1734 downregulated on day 42 compared with day 28) was retained for IPA. Two canonical pathways, NRF2-mediated oxidative stress response (P = 9.99E-03, ZS = 2.10) and production of nitric oxide and reactive oxygen species in macrophages (P = 4.82E-02, ZS = 2.83), had significantly greater activation on day 42 compared with day 28. Downstream effects analysis predicted the involvement of 52 specific biological functions that related to greater activation of inflammatory response, immune cell trafficking, hematological system development and function, cell-to-cell signaling and interaction, and cell movement and lesser activation of cell death and survival, and organismal injury and abnormalities on day 42 compared with day 28 (Supplementary Table S16 ). Briefly, the ten most significantly different biological functions were increased ingestion of cells (P < 0.0003, ZS = 3.1), increased pancreatic tumor (P < 0.0005, ZS = 2.09), decreased infection of HIV-1 (P < 0.0007, ZS = -3.54), increased chemotaxis of macrophage cancer cell lines (P < 0.0009, ZS = 2.75), increased metabolism of protein (P < 0.002, ZS = 3.03), increased chemotaxis of phagocytes (P < 0.002, ZS = 5.30), increased alternative complement pathway (P < 0.002, ZS = 2.43), increased phagocytosis of phagocytes (P < 0.003, ZS = 4.43), increased tumorigenesis of digestive organ tumor (P < 0.003, ZS = 2.66), and increased chemotaxis of neutrophils (P < 0. Table S17 ) identified downregulation of 23 terms (generally related to transcription processes) and upregulation of eight terms including "inflammatory response" (BH P < 0.03), "oxidation-reduction process" (BH P < 0.03), "retrograde protein transport, ER to cytosol" (BH P < 0.04), and "positive regulation of fibroblast proliferation" (BH P < 0.04) on day 42 compared with day 28.
Changes in the caruncular endometrium transcriptome from day 28 to 42 of gestation
Of the 855 transcripts differentially expressed (BH P ≤ 0.01) in caruncular endometrium from day 28 and 42 of gestation (Supplementary Table S6 ), a dataset of 632 genes (360 upregulated and 272 downregulated on day 42 compared with day 28) was retained for IPA. The canonical pathway, NRF2-mediated oxidative stress response (P = 9.32E-03, ZS = 2.646), was significantly activated on day 42 compared with day 28. Downstream effects analysis predicted the involvement of 17 specific biological functions that were related to increased activation of amino acid metabolism, carbohydrate metabolism, lipid metabolism, immune cell trafficking, and vascularization on day 42 compared with day 28 (Supplementary Table S18 ). The ten most significantly different biological functions were increased transmigration of macrophages (P < 0.0002, ZS = 2.0), binding of cells (P < 0.001, ZS = 2.98), growth of vessel (P < 0.002, ZS = 2.61), invasion of cells (P < 0.002, ZS = 2.16), conversion on basic amino acid (P < 0.003, ZS = 2.0), conversion of glutamine family amino acid (P < 0.003, ZS = 2.0), migration of bone marrow-derived macrophages (P < 0.003, ZS = 2.21), proliferation of epithelial cell lines (P < 0.003, ZS = 2.01), cell movement of myeloid cells (P < 0.003, ZS = 2.89), and decreased activation of thrombosis (P < 0.003, ZS = -2. Table S17 ) identified downregulation of the GO term "regulation of transcription, DNAtemplated" (BH P < 0.01) on day 42 compared with day 28.
Differences in the endometrium transcriptome between caruncular and intercaruncular regions
Of the 5232 differentially expressed transcripts (BH P ≤ 0.01) between caruncular and intercaruncular endometrium (Supplementary  Table S11 ), a dataset of 3489 genes (1968 with greater expression and 1521 with reduced expression in caruncular endometrium compared with intercaruncular endometrium) was retained for IPA. Nine canonical pathways were significantly activated in caruncular endometrium compared with intercaruncular endometrium. These were PKC0 signaling in T lymphocytes (P = 0.0002, ZS = 3.32), NFκB signaling (P = 0.002, ZS = 2.78), calcium-induced T lymphocyte apoptosis (P = 0.01, ZS = 2.67), TREM1 signaling (P = 0.01, ZS = 2.24), role of NFAT in regulation of the immune response (P = 0.01, ZS = 3.36), production of nitric oxide and reactive oxygen species in macrophages (P = 0.02, ZS = 3.81), IL-8 signaling (P = 0.02, ZS = 2.02), SAPK/JNK signaling (P = 0.03, ZS = 2.19), and dendritic cell maturation (P = 0.04, ZS = 3.48). The canonical pathway PPAR signaling (P = 0.03, ZS = -2.414) was significantly inhibited in caruncular endometrium compared with intercaruncular endometrium. Downstream effects analysis predicted the involvement of 151 specific biological functions (Supplementary Table S19 ) that related to greater activation of hematological system development and function, lymphoid tissue structure and development, cellular development, inflammatory response, cellular movement, cellular function, immune cell trafficking, hematopoiesis, cell-to-cell signaling and interaction, and tissue morphology in caruncular endometrium compared with intercaruncular endometrium. The ten most significantly different biological functions were greater activation of cell movement (P < Table S16 ) identified downregulation of GO terms "tricarboxylic acid" (BH P < 0.01), the "oxidationreduction" process (BH P< 0.0004), and six GO terms related to translation (BH P < 7.5 × 10 −13 -0.03) and upregulation of the GO term "positive regulation of transcription from RNA polymerase II promoter" (BH P < 5.7 × 10 −9 ) on day 42 compared with day 28.
Discussion
Contrary to our hypothesis, the transcriptomes of the caruncular endometrium, intercaruncular endometrium and placenta in postpartum Holstein cows were not significantly affected by lactation. This was surprising considering that placental weight and fetal weight were approximately 50% and 25% greater in the nonlactating cows compared with the lactating cows [9] . Dynamic changes in the transcriptome of the bovine endometrium and placenta were identified, however, that coincided with the establishment and development of the placenta, and the completion of conceptus attachment to the endometrium. These transcriptome changes were temporally, but not linearly regulated, with the greatest differences observed between day 42 vs. 28 of gestation; followed by day 35 vs. 28 of gestation; with only minor differences between day 42 vs. 35 of gestation. The transcriptome changes were also tissuespecific; with the temporal response consistently greatest in the intercaruncular endometrium, followed by the placenta, and caruncular endometrium. Glucose is the principal source of energy for the developing pregnancy [23] and changes in substrate availability would be, therefore, an important determinant of conceptus growth rate during this window of development. In previous work, we reported that nonlactating cows had greater placental fluid and circulating concentrations of glucose and fructose [11] . One possible explanation for our observations is that the extreme metabolic differences created by the lactating/nonlactating cow model altered substrate availability to the conceptus while not affecting the gene expression pattern within the tissues themselves. There was, however, a significant downregulation of the TCA cycle in the placenta by day 42 (Figure 4a) . Components of the pyruvate dehydrogenase complex (PDHB and DLAT) were also downregulated and kinases that inactivate pyruvate dehydrogenase (PDK3 and PDK4) were upregulated (Figure 4b ). This shift in glucose metabolism is evidence for the establishment of aerobic glycolysis or the "Warburg Effect" in placenta from day 28 to 42 of gestation where pyruvate is not fully oxidized but instead is used to generate lactate [24] . The downregulation of SIRT6 in the placenta may enable the shift to aerobic glycolysis that was observed [25] . Greater mRNA abundance of the rate-limiting gluconeogenic genes (FBP1, PCK2, and G6PC3) in the intercaruncular endometrium was also detected (Figure 4b ), indicating that the uterus itself had become a gluconeogenic organ by day 42 perhaps in an effort to supply glucose to the developing pregnancy. A recent study from our laboratory reported that growth of the pregnancy was independent of the cow's own metabolic status; i.e., circulating concentrations of glucose, fatty acids, insulin, and insulin-like growth factor 1 [26] . It is likely, however, that the extremes of glucose in the current lactating/nonlactating cow model were greater than that typically found in a population of dairy cows.
It should be noted that this study only collected tissue from cows with an established 28 to 42 day pregnancy. Despite similar transcriptome profiles between lactating and nonlactating cows in the current study, data from other similar studies would suggest that the differences in pregnancy development were manifested earlier in the reproductive cycle. Lactating and nonlactating cows have unique follicular fluid fatty acid and amino acid profiles [27] that may affect oocyte competence. Blastocyst development was greater in nonlactating cows compared with lactating cows [28] and lactation status did affect the endometrial transcriptome during maternal recognition of pregnancy [13] . There is, however, disagreement, on the association between dairy cow milk production and fertility, with the literature ranging from negative [29] , neutral [30] , to positive [31, 32] . Recent discussion has deemed this hypothesis simplistic, with large variation within and between herds [33] . Instead, the occurrence of uterine and systemic inflammation, the rapid depletion of adipose reserves, and the delayed resumption of ovarian cyclicity postpartum are now deemed more appropriate risk factors for subsequently compromised fertility in the lactating dairy cow [32, [34] [35] [36] [37] .
Analysis of the liver transcriptome from day 28 to 42 of gestation (81-176 days in milk) was included in the study to act as a positive control for the effects of lactation on tissue gene expression. By using liver tissues collected from the same cows and at the same time as reproductive tissues, we attempted to address a potential criticism that lactation had minimal effect on any tissue within the cow. This was clearly not the case as the liver transcriptome was vastly different between the lactating and nonlactating cows with 715 differentially expressed genes. More importantly, the expression profile highlighted differences in key biological functions that would have been expected. For example, greater conversion of acylcoenzyme A, synthesis of cholesterol, and steroid metabolism in the lactating cows compared with the nonlactating cows would support the current knowledge of the adaptations in liver lipid metabolism during the postpartum period [38] [39] [40] [41] [42] . These results also represent the most likely mechanism explaining greater circulating concentrations of fatty acids in lactating cows compared with nonlactating cows [9, 10] .
The majority of genes differentially expressed from day 28 to 42 of gestation in caruncular endometrium were also differentially expressed (85%) in the intercaruncular endometrium. All of the 727 genes in common had a similar expression pattern, and were highly correlated. The common features of differential gene expression across the two tissue types may in part be explained by common cell types as well as some cross-contamination of caruncular endometrium with adjacent intercaruncular endometrium during tissue collection.
Some of the most highly differentially expressed genes have well-described roles in bovine reproductive biology. The IGF system, for example, is known to be involved in bovine reproduction [43, 20, 44, 32] and components of the IGF system were detected in the endometrium and placenta. The mRNA abundance of IGF1, IGF2R, IGFBP2, IGFBP4, and IGFBP6 were increased from day 28 to 42 in the intercaruncular endometrium; IGF2R and IGFBP2 were increased from day 28 to 42 in the caruncular endometrium; and IGF2 and IGFBP3 were increased from day 28 to 42 in the placenta. In intercaruncular endometrium, a pronounced downregulation of interferon-stimulated genes was evident, with ISG15, OAS1, and MX1 being the 5th, 10th, and 41th-most downregulated genes. Similarly, TKDP4, a known product of early pregnancy [45] was the 14th-most downregulated gene. The observation that these genes are highly downregulated illustrates an important element of the data presented. Genes with that are highly expressed early in pregnancy (for example those responding to interferon-τ ) will appear as downregulated by day 42 of gestation. Other genes likely to be of importance included PRLR, ANXA10, and LOC512548 (three most upregulated genes from day 28 to 42 of gestation) and TDGF1, PIP, BPIFB1 (three most downregulated genes from day 28 to 42 of gestation) that were differentially expressed in both the caruncular and intercaruncular endometrium. The function of some of these genes with respect to the early pregnant uterus is incompletely understood. Additionally, the pregnancy-associated glycoproteins, PAG17, PAG1, and PAG9, were the 3rd, 7th, and 22nd most differentially expressed genes (all upregulated from day 28 to 42 of gestation) in the caruncular endometrium. This observation could be explained by the invasion of the cotyledonary tissue into the caruncles. Our manual separation procedure could not have removed this form of contamination.
It is well recognized that pregnancy development involves morphological changes that affect the composition of the tissues collected. This was particularly true of the placenta where the day 28 placenta had poorly developed cotyledons whereas by day 42 the cotyledonary tissue was well developed and attached to the maternal caruncle. In all likelihood, a day 42 sample had a greater percentage of cotyledonary tissue, but we did not attempt to measure this percentage or separate tissue types prior to RNA extraction. It was also true that a day 42 caruncle would be partially contaminated with placental tissue arising from the cotyledon.
The recruitment of macrophages to the endometrium during pregnancy is one of the major immune responses to pregnancy [46] [47] [48] . The current study supports this observation and also indicates macrophage recruitment to the placenta. In addition to macrophage recruitment featuring prominently in the IPA results, the mRNA abundance of the macrophage-specific markers CD14 and CD68 increased in both regions of the endometrium and in the placenta on day 42 compared with day 28. Greater activation of the alternative complement pathway, based on greater expression of C1QA, C3, CD55, CFB, CFD, and CFP by day 42, provides further evidence of an increased inflammatory response in the intercaruncular endometrium during this period. The exact role of macrophages during pregnancy development and the signal(s) for their recruitment remain unknown, but the removal of apoptotic cells or the secretion of growth factors may be important [46, 49, 50] . Macrophages have been classified as either pro-inflammatory (M1) or anti-inflammatory (M2) based on their activation to either produce nitric oxide and reactive oxygen species or to increase arginine metabolism to ornithine, respectively [51] . Genes that differentiate between M1 and M2 were differentially expressed between day 28 and 42 of gestation [52, 53] indicating that both populations of macrophages were present. Interestingly, the pathways "production of nitric oxide and reactive oxygen species in macrophages," and "NRF2-mediated oxidative stress response" were more activated by day 42 in the intercaruncular endometrium, and in the intercaruncular and caruncular endometrium, respectively. Greater production of nitric oxide by macrophages, therefore, represents a bias towards a M1 proinflammatory response during this period. Both nitric oxide [54] and reactive oxygen species [55] also have angiogenic properties to promote vascular development and blood supply as the pregnancy develops. At the same time, greater activation of the NRF2-mediated oxidative stress response pathway acts to prevent cellular damage from excess reactive oxygen species [56] . The aforementioned increase in gluconeogenesis would have contributed to the metabolic requirements of the macrophages, and the shift to aerobic glycolysis in the placenta would further suggest greater activation of M1 macrophages by day 42 [57] . It has been suggested that glycolysis is more suitable than fatty acid oxidation in M1 macrophages because of the rapid, short-term bursts of activation that are required at sites of inflammation [56] .
Regulator effects analysis suggested that the recruitment and phagocytic activity of myeloid cells, including macrophages by day 42 was promoted by the greater mRNA abundance of NCSTN, CTSB, PDGFB, and CSF1 in the intercaruncular endometrium and by greater mRNA abundance of CSF1 and TGFB1 in the caruncular endometrium. In the placenta, APOE, a lipoprotein; Hdac, a histone deacetylase; and TLR3, a receptor involved in pathogen recognition and innate immunity activation were predicted to be upstream regulators of macrophage migration, and their expression profile supported this observation [58] [59] [60] . The involvement of CTSB in pregnancy development is supported by the greater intercaruncular endometrium expression of other cathepsin family members (CTSA, CTSC, CTSD, CTSH, CTSK, CTSV, and CTSZ) that have been implicated in the regulation of MHC class II-dependent antigen presentation and in tissue remodeling during the attachment period of pregnancy in the sheep and pig [61] [62] [63] . Greater expression of the PDGF α-receptor (PDGFRA) also by day 42 would support the involvement of PDGFB in chemotaxis and tissue remodeling during this stage of pregnancy development [64] . Greater expression of both CSF1 and CSF1 receptor suggests the involvement of CSF1 receptor signaling as a mechanism for recruitment of macrophages to the endometrium, and greater rates of tissue remodeling and angiogenesis [46, 65, 66] .
A large difference in the transcriptome between the intercaruncular and caruncular areas was expected based on the well-established morphological and functional differences between the two regions [67] [68] [69] . Interestingly, the number of differentially expressed genes identified in the current study that coincided with the completion of attachment (5232 genes) was much greater than that reported at the onset of attachment on day 20 of pregnancy (453 genes) by Mansouri-Attia et al. (2009) [67] . It is clear that the overwhelming difference between the intercaruncular and caruncular endometrium related to the immune system. It was indicative of an amplified immune response in the caruncular endometrium, in agreement with Mansouri-Attia et al. (2009) [67] and reflective of a more intense immune response at the feto-maternal interface. This was represented by an expression profile that suggested greater recruitment, differentiation, survival, and activity of both myeloid and lymphoid immune cells in the caruncular endometrium. Integrins are a family of transmembrane glycoproteins that reorganize extracellular matrix and cytoskeleton into aggregates at the adhesion sites [70] and were predicted to be upstream regulators of the recruitment, differentiation, survival, and activity of both myeloid and lymphoid immune cells to the caruncular endometrium. Although only ITGAV was differentially expressed between the caruncular and intercaruncular endometrium (greater mRNA abundance in the intercaruncular endometrium), other integrins may be present at the protein level and be involved in the attachment of the cotyledons and caruncles [71, 72] . Differences between the two regions included also greater activation of processes related to hematological and lymph system development, and tissue morphology in the caruncular endometrium. Increased vascular development, and carbohydrate, lipid, and amino acid metabolism from day 28 to 42 were primarily restricted to the caruncular endometrium and likely supported attachment with the cotyledons, and the movement of nutrients between the dam and the fetus, to support the growth of the fetus, placentome, and endometrium tissue [23, 73] . Overall, these observations suggest a shift in the primary site of metabolic activity, from the intercaruncular endometrium prior to attachment to the caruncular endometrium during and after attachment [67] . They also represented a shift in importance as the pregnancy transitioned from histotrophic to placental nutrition.
There were two somewhat paradoxical trends identified in the endometrium and placenta. Both IPA and DAVID indicated decreased activation of biological processes related to transcription in the intercaruncular and caruncular endometrium. Conversely, by day 42 in the placenta, processes related to transcription were increased; yet, the EIF2 signaling pathway that initiates protein synthesis was inhibited. In the placenta, RICTOR, a subunit of MTORC2; XBP1, a transcription factor of MHC class II genes; and MYC, a DNA binding transcription factor were predicted to be upstream regulators of cell death, and their expression profile (RICTOR increased; MYC and XBP1 decreased) suggested that cell survival processes were increased by day 42. This role of these transcription-and translationrelated observations is unknown.
The current study reinforced previous observations that the transcriptome of the uterus and conceptus is relatively independent of the dams own metabolic environment [13, 74] . The extremes in circulating and uterine glucose between the lactating and nonlactating cows offer the most likely explanation for the differences in pregnancy development, although effects of the ovary, oviduct, and uterine environment earlier during pregnancy development cannot be ruled out. This study provides a comprehensive landscape of transcriptome developments in the bovine endometrium and placenta from day 28 to 42 of gestation (summarized in Figure 5) ; and serves as a resource for future studies on the biological mechanisms associated with bovine pregnancy development and/or pregnancy loss.
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Principal component analysis of all tissues (1a), and of the liver (1b), endometrium (1c), and placenta (1d).
